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Abstract 
 
 
The recently developed porous organic molecular cage is a promising class of porous 
materials, which has already opened new ways for specific reaction environment development, 
molecular separation and storage, and catalysis. Creation of these small porous cage molecules is 
challenging because there is no consistent method to synthesize them in organic solvents. 
Harnessing the congregation capabilities of the cage-precursors in a systematically predictable 
fashion remains largely empirical. Herein, we use molecular dynamics simulation to predict the 
likelihood for the self-assembled cage-precursors to advance through each stage of the reaction. 
We found that with varying arm lengths of the organic precursor, precursors with shorter arm 
length are statistically more likely to complete these synthetic reactions. This knowledge is 
useful to guide the design of precursors for synthesizing new porous cages with desired structure. 
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Chapter 1 
 
 
Introduction 
 
 
1.1 Synthesis of Cages 
 
The synthesis of porous molecular cages uses a host of different methods. Each of these 
individual precursors run through a step by step process for completion. In this section below we 
go through the process of creating the Ps, Pm, and Pl precursors that are used in the reaction. It is 
important to know how each step of the process was run because we are simulating each phase of 
the synthesis process.  
The synthesis of the simplest precursor Ps, or chemically 1,3,5-Tris(4-propynylbenzyl)-
2,4,6-triethylbenzene1, begins with triethylbenzene being converted to 1,3,5-tribromomethyl-
2,4,6-triethylbenzene. From there, the tribromomethyl was converted to 1,3,5-Tris(4-
trimethylsilylbenzyl)-2,4,6-triethylbenzene using a copper(I)-catalyzed coupled reaction2. The 
trimethylsilylbenzyl groups were then converted to iodiobenzyl using iodine monochloride, 
creating 1,3,5-Tris(4-iodobenzyl)-2,4,6-triethylbenzene.3 The triiodo compound reacted with 1-
propynylmagnesium bromide using Kumada coupling to finally create the Ps compound4, 1,3,5-
Tris(4-propynylbenzyl)-2,4,6-triethylbenzene. The copper(I)-catalyzed coupling reaction was 
used in order to speed up the reaction between the tribromomethyl and the Grignard reagent to 
make the trimethylsilylbenzyl. 
The formation of the second precursor Pm, or 1,3,5-Tris(4-propynyl-2,6-dimethoxy-1,1’-
biphenyl)-2,4,6-triethylbenzene, begins with synthesizing the compound that is used to extend 
the arm lengths of the previous Ps precursor3. 1-bromo-3,5-dimethoxybenzene starts in 
anhydrous THF and cooled to -78 Celsius3. Then, n-BuLi and trimethylsilyl chloride were added 
in succession to form (3,5-dimethoxyphenyl)trimethylsilane. This compound was then placed 
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into anhydrous THF solution and cooled to -78 Celsius with n-BuLi added as well. Trimethyl 
borate was also added to form 4-trimethylsilyl-2,6-dimetoxyphenylboronic acid3. The 1,3,5-
Tris(4-iodobenzyl)-2,4,6-triethylbenzene from the synthesis of Ps was reacted via a Suzuki 
coupling reaction with the trimethylsilyl created in the previous step, along with Pd(OAc)2, 
Sphos, K3PO4, to then form 1,3,5-Tris(4-trimethylsilyl-2,6-dimethoxy-1,1’-biphenyl)-2,4,6-
trietylbenzene3. Iodine monochloride was reacted with this product within CH2Cl2 to form 1,3,5-
Tris(4-iodo-2,6-dimethoxy-1,1’-biphenyl)-2,4,6-trietylbenzene. Finally, the 4-iodo-2,6-
dimethoxy-1,1’-biphenyl compound was degassed and mixed with PdCl2dppf in THF along with 
1-propynylmagnesium bromide, to run a Kumada coupling reaction, and form the final product 
of 1,3,5-Tris(4-propynyl-2,6-dimethoxy-1,1’-biphenyl)-2,4,6-triethylbenzene or Pm.3 
The synthesis of Pl, or 1,3,5-Tris(4-propynyl-2,3’,5’,6-tetramethoxy-1,1’;4’,1’’-terphenyl)-
2,4,6-triethylbenzene, begins mimicking the creation of Pm. Firstly, 1-bromo-3,5-
dimethoxybenzene was reacted with 4-trimethylsilyl-2,6-dimetoxyphenylboronic acid along with 
Pd(OAc)2, Sphos, and K3PO4 to create trimethyl(2’3’5’6’-tetramethoxy-[1,1’-biphenyl]-4-
yl)silane.3 This product was then placed in anhydrous THF, mixed with n-BuLi, cooled to -78 
Celsius, and reacted with trimethyl borate to create 4’-trimethylsilyl-2’3’5’6’-tetramethoxy-
(1,1’-bipheynyl)boronic acid. The boronic acid is then mixed with 1,3,5-Tris(4-iodobenzyl)-
2,4,6-triethylbenzene from the synthesis of Ps, much like the creation of Pm. These two 
molecules, along with Pd(OAc)2, Sphos, and K3PO4 reacted via a Suzuki coupling reaction in 
order to create 1,3,5-Tris(4-trimethylsilyl-2’3’5’6’-tetramethoxy-1,1’;4’,1’’-terphenyl)-2,4,6-
triethylbenzene.3 That product was then placed into CH2Cl2 and mixed with iodine monochoride 
to create 1,3,5-Tris(4-iodo-2,3’,5’,6-tetramethoxy-1,1’;4’,1’’-terphenyl)-2,4,6-triethylbenzene. 
Finally, that product was degassed in THF and mixed with 1-propynylmagnesium bromide to run 
the Kumada coupling reaction to form the final product 1,3,5-Tris(4-propynyl-2,3’,5’,6-
tetramethoxy-1,1’;4’,1’’-terphenyl)-2,4,6-triethylbenzene, or Pl.3 
As a background of one method used above, Suzuki coupling is an organic reaction 
between a boronic acid and an organohalide.6 Within the Pm and Pl syntheses, the precursor for 
Ps was used for both reactions. The iodine group on the Ps precursor acted as the organohalide. 
The varying length boronic acids were the boronic acid of the reaction, and the palladium group 
was used as the metal catalyst. The importance of Suzuki coupling is that the reaction is able to 
promote near exponential growth of organic molecule production while minimizing the amount 
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of reagents used. This is done by repeating a small amount of reaction steps. Reacting the initial 
reagent with TMS and the bromine terminus to create either a TMS and boronic acid terminus 
and an iodine bromine terminus in equal parts allows for a reaction with the boronic acid and 
iodine to double the length of the initial intermediate.  
In these reactions, Kumada coupling7 was also used in order to save time and materials for 
the reactions. As a background of the coupling, a palladium complex cross coupling reaction is 
used to generate carbon-carbon bonds. This couples a Grignard reagent with an alkyl, vinyl, or 
aryl halide. Palladium is used as a transition metal catalyst and, in our reactions, the bromine was 
used within the reaction.  
After their formation, all three precursors were then reacted individually in order to create 
the three different molecular cages. The smallest cage, Ts, was created by first taking the Ps 
precursor and dissolving it in TCB. From there another compound, molybdenum(IV) propylidine 
precatalyst5 was mixed with excess triphenylsilanol ligand and dissolved also in TCB. These two 
solutions were mixed together to then create the Ts tetramer cage.3 The formation of the Tm cage 
followed similarly to the Ts cage. Pm was dissolved in CHCl3 along with the molybdenum 
propylidine(IV) precatalyst to form Tm.3 Tl followed the same path while using the Pl precursor 
along with CHCl3 and the molybdenum(IV) propylidine precatalyst to form Tl.3  
In the formation of the tetrameric cage, a process called alkyne metathesis is used8-10. As a 
background for this paper, metathesis is typically an exchanging of bonds between two reacting 
species. This metathesis is used in order to react two species attached to an alkyne bond which 
then forms a new connected molecule along with a small byproduct. In this case, the cage was 
the main reaction product with an acetylene byproduct. The use of a molybdenum catalyst helps 
facilitate the bindings in the two reacting species. Along with the controlled reactions that alkyne 
metathesis offers, this reaction is also beneficial for formation due to the fact that it gives much 
stronger bonds between the newly created alkynes. This stability helps to form a rigid structure 
within the molecular cage to avoid unnecessary bending.  
The formation of these porous molecular cages involves another method called Dynamic 
Covalent Chemistry (DCC). This method was developed as a conformational analysis by 
allowing the equilibration of configurational isomers using both acids and bases. Dynamic 
covalent chemistry holds most of its appeal by being able to adjust the product distribution of a 
reaction by changing the reaction environment.11-13 This means that there is the ability to reverse 
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the formation of unwanted products through changing the environment in which the reaction 
takes place. Then by adjusting the environment yet again we’re able to create the desired product 
from the reversed unwanted product. Adjusting the path that the reactant takes in equilibrium can 
be controlled thermodynamically by having one product lower in energy than the other, curbing 
the formation to one product over any other. Dynamic covalent chemistry takes the appeal of 
supramolecular chemistry. That appeal being the ability to control the thermodynamic stability of 
equilibrium, while also adding an additional ability of reversing unwanted products. These 
together allow for the creation of desired products and works as an error checking process when 
combined together.11-13 One drawback from having DCC being an equilibrium process is that it 
runs much slower than supramolecular chemistry. This is due to the breaking of covalent bonds 
taking longer than noncovalent bonds, but these problems can be resolved by introducing a 
catalyst to the solution. In addition to speeding up the forward process, the catalyst also allows 
for the reverse process to take place, which would happen rarely otherwise. Having the ability to 
change compounds using DCC and external environmental factors leads to the ability to create 
compounds that can adapt to their surroundings. DCC can also be the key to create highly 
complex covalently bonded architectures. Within DCC there are a number of methods used to 
create porous materials including alkene metathesis14, boronic acid condensation15, and imine 
formation16. Alkyne metathesis is primarily used in this paper due to its ability to form structural 
rigidity with its ethylene bonds.  
Some applications using the development of porous organic cages include molecular 
separation and storage, the ability to separate two different compounds in a solution by 
extracting one through a selective porous molecular cage, followed by the storage of that 
material. There are host-guest selectivity and nanometric reaction environments, such as 
selecting a specific compound from a solution and allowing that compound to react in a 
nanometric environment; much like how enzymes operate. Finally, there is catalysis, where 
much like the nanometric reaction environments, there is control in speeding up a reaction taking 
place through the use of a host of cages.17-21 
Although scientists want to create these cages for their applications, there is a reason why 
it is so difficult to create these cages. Throughout the creation of these porous organic cages 
there may be a number of side chain reactions that can take place at each individual step, which 
deviates from the intended product. During the process of cage formation any multiple variations 
   5 
of chain lengths can attach to cages in formation. This causes the cage forming process to stop or 
slow down because an unintended product is being formed. In order to get an intended product, 
the unintended product must break apart prior to reforming.  
 A problem with the creation of these porous organic cages is that there is no clear method 
of development that leads to total cage formation solely by examining the precursor. We intend 
to use molecular dynamic simulations in order to make predictions of the likelihood for these 
self-assembled cages to continue through each stage of their reaction. Previous work has been 
done with both bond angles22, and precursor size23. Once we are then able to predict cage 
formation behavior based upon bond angles, precursor size, bond lengths, and other factors, are 
we then able to form porous organic cages without multiple processes of trial and error. 
 
1.2 Molecular Dynamics 
 
Molecular dynamics is a way of simulating molecular behavior based upon the potential 
energies of the molecules as well as the trajectories those molecules take. The potential energy 
each molecule possesses is dependent upon the force field used to describe the molecular system. 
This force field then determines how each molecule reacts through using the forces between 
molecules based upon their interatomic potentials. The other portion of molecular dynamics are 
the trajectories of the molecules. These are calculated by solving the Newtonian equations of 
motion for each molecule. Both the three dimensional velocities and three dimensional positions 
of each particle are taken into account for the calculations of these trajectories. Once the forces 
and trajectories are calculated for every particle, the molecular dynamics program allows the 
simulation to take one time step. This time step then allows all the molecules in the system to 
move a small distance. The distance and the directions these molecules take is determined by the 
trajectory of the molecule from the previous step and the forces acting upon them. The 
movements of these molecules also needs to take into account the interactions it could take with 
any other molecule in the system, such as collisions or repulsions. With every time step of these 
simulations we can calculate different properties that the system holds based upon the average 
behavior that all the molecules hold. These properties can include temperature and pressure of 
the system, kinetic energy, potential energy, total energy, structure factor, pair correlation 
function, velocity autocorrelation function, and many more. With these properties, found with 
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molecular dynamic simulations, we can predict how a particular system will behave before 
running this system through a bench top experiment. Along with property prediction, molecular 
dynamic simulations are used to determine why or how a molecule behaves in a certain manner.  
A particular set of software that is used to run molecular dynamic experiments is called 
GROMACS24,25. GROMACS stands for GROningen Machine for Chemical Simulations and is a 
package that is downloaded free online for the use of simulating molecules. Particular to 
GROMAS, this software is used to simulate organic molecules such as proteins, lipids, and 
nucleic acids.  
With GROMACS, we use another variety of online databases and software help in order to 
run our following simulations. The process of setting up our simulations in order to be run on 
GROMACS can be found in the next few paragraphs.  
First, each of the eighteen Protein Data Bank (PDB) files of a molecular cage were 
prepared. The PDB files were subsequently converted into a format that is applicable to 
GROMACS using OBGMX26. This translation allowed for the implementation of the Universal 
Force Field (UFF)27 to the generation of topology files (top) as well as the restraint files (itp). 
The PDB file was also duplicated on our server using GROMACS to create a structural file 
(gro). The restraint file needed to be edited in order for the atom labels to match the structure 
file. From here, two different models of simulation were used: with and without solvent. In both 
cases, the UFF is used to evolve the atomic trajectories. 
 For the simulations without solvent, the simulation box was generated using GROMAC 
for our system to be held in. The carbons for the molecular cage were numbered and a separate 
restraint file was created to limit the movement of these carbons. Energy minimization was run 
on the cages in order to conform to an appropriate geometry. After the minimization, a NVT 
(Number of atoms, Volume, and Temperature) canonical equilibration process was run in order 
to create a suitable environment for the cage to exist within. After equilibration, the restraint file 
was edited so that only a few carbons were held to their positions. This was done in order for us 
to simulate the appropriate interactions of the cage arms within our system. This was also meant 
to prevent the collapse of the cage due to the non-solvated environment we set up. Once the 
system was equilibrated to the correct temperature, a production simulation was run on our 
system for six nanoseconds. The first three being used as another equilibration phase while the 
last three were used for analysis. Once the production step had been run, we computed the 
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distance between the two center of masses of the alkyne carbons on each arm. The total 
trajectory file for the final three nanoseconds of the simulation and the structure file were used to 
create videos to monitor the cage’s movements using VMD.28 
 For the simulations with explicit solvent, the number of chloroform molecules used as 
solvent for these simulations were based off the number of solvent molecules used per molecular 
cage during the synthesis. This number was calculated based off of density of the solvent 
molecules and size of the simulation box per molecular cage. The chloroform topology file, 
restraint file, and structure file were all generated in the same fashion as the cage files. The 
simulation box was constructed using packmol29 to fill the box with the correct number of 
chloroform solvent molecules. Position restraints for the carbons of the cage were generated and 
applied similarly to the simulation without solvent. The energy minimization step was run on 
both the solvent and cage. For equilibration, first an NPT (Number of atoms, Pressure, and 
Temperature) equilibration step was run to stabilize the pressure in the box environment for 
100ps at the ambient pressure at 300 K. This process was followed by NVT equilibration for 
temperature fluctuation stability. After the equilibration, all the carbons of the system were 
unconstrained for the production simulations. The production phase was run for a total of 4 
nanoseconds, the first nanosecond being used for equilibration and the last three nanoseconds for 
analysis. Distance calculations were run for the alkyne distances of interest similarly to the 
calculation run on the environment without solvent.  
 We only recorded the intramolecular interactions for each of the transition cages leading 
to the next cage along our desired path. Monitoring the intermolecular reactions between a 
forming cage and other precursors would hold another level of challenges. In this work, we 
decided to only record the intramolecular interactions, because the large number of scenarios to 
monitor intermolecular interactions would be beyond the scope of this paper. 
Herein, this paper uses classical molecular dynamic (MD) simulations to measure the 
probability of reaction for a POC precursor with varying arm lengths. Previous work used MD 
simulations to study the structure and flexibility of POCs30 as well as gas diffusion within pores 
of MOFs.31 This paper also measures the reaction probability of the multiple arm length 
precursors at different key stages of the POC while transitioning to the desired product. MD 
simulations give a view of a dynamically evolving system of hundreds of atoms over a timescale 
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useful for measuring reactions. MD simulations also allow for the ability to observe molecular 
interactions and measure useful properties of the system.  
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Chapter 2 
 
Cages in Solvent 
 
 Classical MD simulations allow for a longer timescale to capture events that are not 
normally viewable with ab initio calculation. Our computational approach used these MD 
simulations with GROMACS in order to predict the most likely state of equilibrium that each of 
the cages and intermediates are likely to maintain.  We then compare the different states of 
equilibrium between the different length arms to determine which arm length is more likely to 
react into the next intermediate.  
 We compare the possibility of reaction amongst the three intermediates by measuring the 
distance between the two alkyne carbons where we are expecting the reaction to take place. Once 
we measure the distance between the two alkynes bonds, it is then compared to the van der 
Waals distance for two carbon atoms. By measuring the alkyne distance in comparison to the van 
der Waals distance, we can get a prediction as to how likely a chemical reaction will take place. 
We continue under the assumption that if the distance between the two alkyne carbons was at or 
less than the van der Waals distance, we would then assume that the reaction took place. 
Opposed to that, if the measured distance was outside the van der Waals distance it was then 
considered that the reaction did not take place. In the simulations with explicit solvent we used 
the van der Waals distance of 4.5 Å.  
 The simulations with explicit solvent place 1,000 chloroform molecules, with the 
molecular cage of interest, into a 55 x 55x 55 Å3 cubic box. The NPT runs for 100,000 steps with 
the step size being 1 femtosecond, setting the box pressure to 1 atmosphere. The NVT 
equilibration runs for 100,000 steps with the step size being 0.1 fs, setting the box temperature to 
300 Kelvin. The production phase is run for 40,000,000 steps at 0.1 fs per step and analyzing 
only the final 30,000,000.  
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From this point forward, when discussing the simulations taking place at each stage of 
the reaction, I refer to each of these stages as the intermediates of the overall reaction. These 
intermediates take place between the initial precursor and the final cage.  
To distinguish these intermediates from one another, we use the nomenclature [A-B-C]. 
Where A refers to the number of vertices (corners) within the intermediate, B refers to the 
number of edges connecting each vertex, and C refers to the number of completed intermediate 
faces (sides) that contain no open bonds. 
 Our hypothesis for these molecular cage intermediates, based off of experimental results, 
is that precursors with shorter arm lengths have higher probability to form the final cage.  
 
Figure 1. Molecular configurations of molecular cages with short, Ps (a), medium, Pm (b), and long, Pl (c), 
arm lengths [4-5-2] intermediates from MD simulations with explicit solvent. (d) Schematic drawing. 
 
The [4-5-2] molecular cages Ps, Pm, and Pl are shown in Figure 1 a-c. We can see that 
this intermediate has the least number of unconnected bonds, which allows for higher degrees of 
arm rotation and movement. The distance being measured is between the ends of the two open 
arms during the cage formation. With Figure 2a-b we can see the results from the distance 
comparison between these alkyne bonds for all three arm lengths. The distance between the 
alkyne carbons is small on average for all three arms. We can see from the results that cage with 
the shortest arm length, Ps, has the largest distance, which is contrary to the original hypothesis 
that the shorter arms would have the shortest distance. To look into this unexpected result, our 
trajectory file showed that the molecular cage for Ps has bent inward and collapsed upon itself. 
Leaving the alkyne lengths to have a much larger distance than in a normal configuration. The 
(a) (b) (c)
(d)
Pm PlPs
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remaining lengths for Pm and Pl were within the van der Waals distance for a large amount of 
the time for the entire simulation.  
Also, while the two alkyne bonds are within a reasonable distance from each other, it is 
unlikely that any intermolecular reactions between these cage arms and another precursor would 
occur. Not forming any intermolecular bonds is due to the fact that the arms are much closer to 
the body of the cage and it would be harder for other precursors to try and wedge between these 
two alkyne groups. The average values for Ps, Pm, and Pl, shown in Table 1, reflect the graph in 
Figure 1a with these values occurring above or below the van der Waals distance. Table 1 also 
shows how Ps is less likely to form its alkyne bond. The percentage in range demonstrates that 
the Pm and Pl precursors are very likely to proceed to the next phase of the reaction scheme 
while Ps is less likely. The standard deviations show that Pm and Pl are very well equilibrated in 
their state during this simulation, while also showing some evidence that Ps may not be within a 
true equilibrium state, given the deformation of the cage. Cage deformation is also shown in 
Figure 1a from 2500 ps to 3000 ps of the Ps precursor can be seen going slightly out of 
equilibrium.  
 
Figure 2. Distance comparison and histogram for the [4-5-2] intermediate with short (Ps), medium (Pm), and 
long (Pl) arm lengths. 
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Table 1. Statistics for the [4-5-2] Cage 
Cage Size Ps Pm Pl 
Percent in range 0.03% 99.5% 99.9% 
Average (Å) 5.45 3.89 3.81 
Std. Dev. 0.42 0.25 0.19 
    Comparison of percentage of arm lengths in range of van der Waals distance over total time, average 
distance between alkyne bonds, and standard deviations of range for [4-5-2] 
 
Figure 3. Molecular configurations of molecular cages with short, Ps (a), medium, Pm (b), and long, Pl (c), 
arm lengths [3-2-0] intermediates from MD simulations with explicit solvent. (d) Schematic drawing. 
 The [3-2-0] molecular intermediate, shown in Figure 3a-c, has fewer total atoms than the 
[4-5-2] cage, but has the same number of alkyne bond distances being measured. The amount of 
unrestrained movement that each arm of the cage can take is much more flexible in this [3-2-0] 
intermediate than the [4-5-2] intermediate because the [3-2-0] is not as complete a structure. We 
can also see that this set of simulations favor the hypothesis for Ps, Pm, and Pl. The Ps arm 
length has the highest percentage of frames within the van der Waals distance, followed by Pm, 
and then Pl. The number of oligomer side reactions happening with Pl is much more likely than 
Ps, since Ps is most likely to continue along the intended reaction mechanism. The average 
values for Ps, Pm, and Pl in Table 2 show that the expected trend is consistent for these three 
precursors. The percent in range shows that the smaller precursor arm length is much more likely 
to react into the next stage of the pathway. Continuing down Table 2, the standard deviation for 
these arms show that all three precursors are well equilibrated in the simulation environment and 
that these geometries are stable. 
(a) (b) (c)
(d)
Ps Pm Pl
   13 
 
Figure 4. Distance comparison and histogram for the [3-2-0] intermediate with short (Ps), medium (Pm), and 
long (Pl) arm lengths. 
 
Table 2. Statistics for [3-2-0] Cage 
Cage Size Ps Pm Pl 
Percent in range 83.9% 61.2% 0% 
Average (Å) 4.25 4.45 8.91 
Std. Dev. 0.25 0.19 0.18 
    Comparison of percentage of arm lengths in range of van der Waals distance over total time, average 
distance between alkyne bonds, and standard deviations of range for [3-2-0] 
 
Figure 5. Molecular configurations of molecular cages with short, Ps (a), medium, Pm (b), and long, Pl (c), 
arm lengths [4-4-1] intermediates from MD simulations with explicit solvent. (d) Schematic drawing. 
(a) (b) (c)
(d)
Ps Pm Pl
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 One of the more complex intermediates, the [4-4-1] cage, shown in Figure 5a-c, has 
multiple points of connection between the alkyne bonds of interest. To continue with the reaction 
mechanism of interest, one or both of these bonds must be created. The creation of these bonds 
can become a challenge if the freedom of movement with the arms is high, allowing for twisting 
of the free arms and side reactions to take place. From the results, Figure 6a-f, we can see that 
these simulations agree with our hypothesis when comparing the three arm lengths. The Pl arm 
lengths are much further apart in distance than the Pm, and Ps is also much closer than Pm 
respectively. The average lengths and percentage of time within the van der Waals distance show 
that the Ps is much more likely to form the necessary bonds than the Pm and Pl. The Pm distance 
results show that, while being outside the van der Waals distance, the two alkynes being 
measured in the Pm intermediate are more likely to form a bond than the two alkynes in the Pl 
intermediate. The percentage of frames in range and averages for [4-4-1] show that it is unlikely 
for Pl and Pm to proceed with the next phase of the reaction while Ps can form one of the alkyne 
bonds. The averages and graph from Figure 6a-c show that the distances increase as the arm 
lengths get larger, as we expected. The standard deviations for each of the arms are high with the 
exception of Ps2. This high standard deviation can indicate that these configurations of the 
different semi-formed cages are not quite in their equilibrium state and may require a longer 
simulation time, but the trend remains the same that Ps is more likely to react than Pm and in 
turn Pl. 
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Figure 6. Distance comparison and histogram for the [4-4-1] intermediate with short (Ps), medium (Pm), and 
long (Pl) arm lengths. 
 
 
Table 3. Statistics for [4-4-1] Cage 
Cage Size Ps1 Ps2 Pm1 Pm2 Pl1 Pl2 
Percent in range 0% 85.9% 0% 0% 0% 0% 
Average (Å) 7.89 4.26 7.15 15.5 16.3 21.2 
Std. Dev. 0.86 0.22 0.47 0.59 0.34 0.37 
    Comparison of percentage of arm lengths in range of van der Waals distance over total time, average 
distance between alkyne bonds, and standard deviations of range for [4-4-1] 
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Figure 7. Molecular configurations of molecular cages with short, Ps (a), medium, Pm (b), and long, Pl (c), 
arm lengths [4-3-0] intermediates from MD simulations with explicit solvent. (d) Schematic drawing. 
 
 The [4-3-0] molecular cages have an even higher freedom of movement than the [4-4-1] 
cage and the [4-5-2] cage. This intermediate has three pairs of bonds that are open to movement 
and are recorded for distances, as seen in Figure 7a-c. Because the number of unreacted alkynes 
is higher, so is the amount of rotational freedom that the arms have. This higher rotational 
freedom allows the alkynes to be more likely to move away from their reactive position. The 
results from the distance calculations show, Figure 8a-f, that despite the amount of freedom 
having increased, the cage is contained within a certain configuration. We can see that the results 
for [4-3-0] run contrary to our predictions as well. While all the cages have at least one bond 
within the van der Waals distance for a majority of the time, our predictions are off when it 
comes to assigning likelihood of reaction for Ps, Pm and Pl. For this cage, Pm is the most likely 
to react followed by Pl and then Ps. The trajectory file for this cage showed that there is not 
much that can be seen for an explanation as to why Ps is less likely to react than Pm and Pl. The 
cage, again, appears to have its arms fold onto the cage and collapse, leading to a lower 
equilibrated state than the original configuration. This lower state then causes the distances 
between the alkyne bonds to be higher on average. From Table 4, the average alkyne distances 
and percentage within range of the van der Waals distance can confirm that Ps is less likely than 
Pm and Pl to form bonds. The standard deviation of these distance values for the Ps system show 
that the system is not in equilibrium and is changing structure, shown also in Figure 10a after 
1500 ps. 
(a) (b) (c)
(d)
Ps Pm Pl
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Figure 8. Distance comparison and histogram for the [4-3-0] intermediate with short (Ps), medium (Pm), and 
long (Pl) arm lengths. 
 
Table 4. Statistics for [4-3-0] Cage 
Cage Size Ps1 Ps2 Ps3 Pm1 Pm2 Pm3 Pl1 Pl2 Pl3 
Percent in range 10.4% 14.7% 54.2% 70.0% 57.3% 94.8% 0% 90.4% 89.8% 
Average (Å) 5.57 7.30 4.57 4.38 4.46 4.10 7.33 4.15 4.16 
Std. Dev. 0.78 2.3 0.64 0.28 0.27 0.22 0.40 0.26 0.27 
    Comparison of percentage of arm lengths in range of van der Waals distance over total time, average 
distance between alkyne bonds, and standard deviations of range for [4-3-0] 
 
 Along with the main product of this tetrameric cage reaction, there is another prominent 
side reaction that occurs for Pm and Pl arm lengths in experiments. This side reaction is the 
formation of a dimeric cage structure, which occurs by using only two precursors instead of four. 
We took a look at this side reaction to see how likely it is to occur as compared to the main 
reaction. 
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Figure 9. Molecular configurations of molecular cages with short, Ps (a), medium, Pm (b), and long, Pl (c), 
arm lengths [2-1-0] intermediates from MD simulations with explicit solvent. (d) Schematic drawing. 
 The dimeric cage begins by creating two connections between two of the precursors. As 
seen in Figure 9a-c this is what we’re measuring for with the [2-1-0] cage simulations. As seen 
by the results, in Figure 10a-f, we have a similar pattern to our main pathway results. The Pl 
holds the longer distances, followed by Pm, and then Ps having the shortest distances. We 
expected to see much closer distances with the Pl arms because of their freedom to move closer 
together and possible overlap, but when we reviewed this in our trajectory file, the free alkyne 
arms move away from each other and hold their relaxed positions. The percentage that these 
alkyne bonds are within range of a reaction are zero percent across the board for all bonds, 
shown in Table 5. Solely based off of these simulations we would not have a reaction occur, 
especially at the larger arm lengths. The fact that no reactions would occur is contrary to what is 
shown in experiments. The standard deviations shown in Table 5 inform us that the structure is 
well equilibrated and must be within an energy minimum well.  
(a) (b) (c)
(d)
Ps Pm Pl
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Figure 10. Distance comparison and histogram for the [2-1-0] intermediate with short (Ps), medium (Pm), and 
long (Pl) arm lengths. 
 
 
Table 5. Statistics for [2-1-0] Cage 
Cage Size Ps1 Ps2 Pm1 Pm2 Pl1 Pl2 
Percent in range 0% 0% 0% 0% 0% 0% 
Average (Å) 9.46 6.43 12.9 12.7 17.6 15.1 
Std. Dev. 0.52 0.31 0.21 0.30 0.22 0.27 
    Comparison of percentage of arm lengths in range of van der Waals distance over total time, average 
distance between alkyne bonds, and standard deviations of range for [2-1-0] 
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Figure 11. Molecular configurations of molecular cages with short, Ps (a), medium, Pm (b), and long, Pl (c), 
arm lengths [2-2-1] intermediates from MD simulations with explicit solvent. (d) Schematic drawing. 
 
 The second phase of the dimeric reaction is to have the third and final arm react in order 
to complete the structure. Figure 11a-c show the structure of [2-2-1] cage intermediate. The 
results from the distances for these intermediates, Figure 12a-b, are interesting because they 
show something contrary to our experimental results as well as not following along with the 
results from the [2-1-0] intermediate. None of the alkyne carbons were close enough in distance 
to create a bond, but also all of the arm lengths have relatively the same distances. These results 
run against the evidence we have from experiments, where the Pl and Pm precursors form 
dimeric structures along with the tetrameric version. These simulation results may be due to the 
limitations of the MD simulations that we used for this experiment. The force field used could 
mimic tetrameric formation more favorably than the dimeric formation. Or possibly the MD 
simulation did not run for a long enough time to allow for the structure to escape from an energy 
minimum. In either case, the results show that the average lengths of Ps are shorter than Pm, 
which is in turn shorter than Pl. Table 6 confirms that none of the bonds come within range of a 
reaction at all, and that the averages for all three precursors are relatively the same distance. 
These close averages are good for Pl and Pm to be closer or as close as Ps. Because by arm 
length alone the Ps has a smaller distance to clear in order to form a bond between the alkynes. 
The equilibrated structures for Pm and Pl are closer to forming a dimer than the [2-1-0] 
structures. We can also see that, based off the standard deviation, these structures are well 
equilibrated as well. However, the fact that the distances are so far off from the van der Waals 
(a) (b) (c)
(d)
Ps Pm Pl
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distance for reaction to occur means that our simulations run counter to the experimental results 
with [2-2-1] as well.  
 
 
Figure 12. Distance comparison and histogram for the [2-2-1] intermediate with short (Ps), medium (Pm), and 
long (Pl) arm lengths. 
 
Table 6. Statistics for [2-2-1] Cage 
Cage Size Ps Pm Pl 
Percent in range 0% 0% 0% 
Average (Å) 13.4 12.1 13.6 
Std. Dev. 0.282 0.201 0.157 
     Comparison of percentage of arm lengths in range of van der Waals distance over total time, average 
distance between alkyne bonds, and standard deviations of range for [3-2-0] 
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Chapter 3 
 
Cages in Vacuum 
 
 The simulations without solvent were done prior to the simulations with explicit solvent 
to have a preliminary performance of the molecular cages. Initially the cages collapsed due to the 
non-solvated environment. This collapse prompted us to add in constraints on a small selection 
of carbon atoms. These constraints were added in order to maintain the structure of the cage 
throughout the simulation. The carbon atoms being constrained were picked so that they did not 
inhibit the mobility of the free alkyne arms. The simulations without solvent were eventually 
replaced by the solvent simulations to better mimic the experimental environment. These 
simulations were also replaced because of the lack of equilibrium structure that the molecule 
maintained. The solvent simulations were much more radical and free moving with the alkyne 
arms than the solvent simulations. This can be because of the increased energy needed to 
displace the solvent molecules that are blocking the arms of the cage. 
 The first simulation without solvent is the [4-5-2] cage. The configuration for the [4-5-2] 
cage can be seen in the previous Figure 1a-c, the simulation without solvent is the same 
excluding the solvent molecules. We can see, in Figure 13a-b below, that the fluctuations of our 
arms for this cage is much larger than the same cage in solvent. All three of the arm lengths for 
this cage’s lone alkyne measurement are outside of the van der Waals distance a majority of the 
time. Pl and Ps come nowhere close to the distance for the alkyne bonds to interact. The Pm cage 
does have a brief period between 1000 ps and 2000 ps that shows a stabilization in the arm pairs 
at a very close distance. This also could likely be attributed to our equilibration not running for 
long enough in this simulation, but it could also be a brief dip into an energy well for a stabilized 
distance. Shown in Table 7 is the data for the percentage of time that each of the cage arm 
lengths spends within the range of the van der Waals distance. This is the highest for Pm, 
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followed by Ps and then Pl. The case for Pm having the highest percentage within range is 
because of the uncanny stabilization that we see in Figure 13a. Judging from the rest of the 
simulation for Pm, the alkyne distance does not dip into range very often, showing that this is an 
anomaly from the average. The averages for the three arms are all outside of the van der Waals 
range meaning that none of them are likely to react. The standard deviation for all of the bonds is 
high, indicating that these intermediates are less stabilized than their solvent counterparts. 
However, this is also due to the fact that the arms for the cages are allowed to range over a larger 
energy landscape than in the solvent reaction. 
  
 
Figure 13. Molecular configurations for short (Ps), medium (Pm), and long (Pl) arm length [4-5-2] 
intermediates from classical MD simulations without solvent. 
 
Table 7. Statistics for [4-5-2] Cage without solvent 
Cage Size Ps Pm Pl 
Percent in range 0.01% 27.8% 0% 
Average (Å) 14.0 7.09 18.7 
Std. Dev. 1.8 1.8 1.8 
    Comparison of percentage of arm lengths in range of van der Waals distance over total time, average 
distance between alkyne bonds, and standard deviations of range for [4-5-2]. 
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The molecular cage set up for the simulation without solvent is the same as in the simulation 
with explicit solvent for the [3-2-0] cage, see Figure 3a-c. The distances between the two alkyne 
arms, shown in Figure 14a-b, are over a much broader range of distances than its explicit solvent 
counterparts. As shown in Figure 14a-b, the general trend that we predicted from experiments 
with our collaborator is shown here. The Ps arm length is shorter in distance than the Pm and Pl 
arm lengths. For these simulations, the Ps is within the van der Waals range a large percentage of 
the time, see Table 8, and can be considered likely to react to the next stage of the cage 
formation. However Pm and Pl do not appear to be close enough to react at all. The average 
distances reflect this fact. The standard deviations for arms are higher than their solvent 
simulation counterparts as well. Again, due to the free range for not having solvent molecules, 
and being allowed to sample over a larger energy landscape, the Ps and Pm have lower standard 
deviations compared to the Pl arm. This fact can explain how the Pl has a larger percentage 
within the van der Waals range compared to Pm because the Pl arm fluctuates wildly between 
distances lower than 5 Å and above 10 Å.  
 
Figure 14. Molecular configurations for short (Ps), medium (Pm), and long (Pl) arm length [3-2-0] 
intermediates from classical MD simulations without solvent. 
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Table 8. Statistics for [3-2-0] Cage without solvent 
Cage Size Ps Pm Pl 
Percent in range 37.8% 0% 1.2% 
Average (Å) 5.32 7.61 7.53 
Std. Dev. 0.81 0.46 1.5 
    Comparison of percentage of arm lengths in range of van der Waals distance over total time, average 
distance between alkyne bonds, and standard deviations of range for [3-2-0] 
 The next cage simulation is the [4-4-1] cage, the configuration for this cage can be found 
in Figure 5a-c. The results for the simulation of [4-4-1] cage are in Figure 15a-c. This shows us 
that the general trend between Ps, Pm, and Pl results back up our earlier stated hypothesis well. 
The Ps arm length is lower than Pm and in turn lower than Pl. Given the trace shown in Figure 
15a-c, we can see that the system is equilibrated and ranges over its energy surface without being 
stuck in any energy wells. This also shows a trend that at least one of the arms, of the two being 
measured, has a higher percentage within the van der Waals range than the other arm. We 
viewed this in our trajectory files and noticed that one of the arms taking precedence over the 
other. This could be in order to allow one arm to react in this cage, the other arm must go out of 
its own reaction space in order to give a favorable position for another arm. Since this structure is 
symmetric, we can say that it does not matter which arm is taking precedence over the other, just 
that the trend is taking place. The average arm lengths, Table 9, for the Ps, Pm, and Pl show us 
the trend that we predicted with our collaborators, and it also shows the trend that we predict 
with one arm beating out the other arm in the system. The standard deviations for the simulations 
all are within normal values given our data from the simulations without solvent.  
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Figure 15. Molecular configurations for short (Ps), medium (Pm), and long (Pl) arm length [4-4-1] 
intermediates from classical MD simulations without solvent. 
 
 
Table 9. Statistics for [4-4-1] Cage without solvent 
Cage Size Ps1 Ps2 Pm1 Pm2 Pl1 Pl2 
Percent in range 52.3% 18.6% 66.2% 0% 0% 0% 
Average (Å) 6.17 7.67 5.19 10.3 15.4 25.4 
Std. Dev. 1.9 0.87 1.7 1.4 1.2 1.6 
    Comparison of percentage of arm lengths in range of van der Waals distance over total time, average 
distance between alkyne bonds, and standard deviations of range for [4-4-1] 
 
The [4-3-0] cage’s configuration is in Figure 8a-c, which shows the cage’s three separate 
alkyne bonds of interest. As shown in Figure 16a-c, we have the Ps cage showing a smaller 
distance between all three of its alkyne bond formation distances versus the three Pm bonds. The 
three Pm arms are also shown to have a smaller distance than the Pl arms respectively. The 
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equilibration for all nine of these arms is shown to be less equilibrated than the previous 
simulations without solvent. It can be gathered that each of the cages go in and out of lower 
energy states, as seen in Figure 16b with Pm. The percentage values in Table 10 correspond well 
with what we can gather in Figure 16. Showing that all three Ps distances are closer together for 
a much longer time than Pm and Pl. We can expect the Ps intermediate is more likely to continue 
on with the reaction as compared to the other two bond distances. The average values show that 
one bond is more likely than the others to react initially, much like how the reaction for [4-4-1] 
worked mechanically. The standard deviations for the are all within the normal values seen in the 
simulations without solvent. With the exception of the Pm cage having a much lower standard 
deviation as compared to the rest of our simulations without solvent.  
 
 
Figure 16. Molecular configurations for short (Ps), medium (Pm), and long (Pl) arm length [4-3-0] 
intermediates from classical MD simulations in a without solvent. 
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Table 10. Statistics for [4-3-0] Cage without solvent 
Cage Size Ps1 Ps2 Ps3 Pm1 Pm2 Pm3 Pl1 Pl2 Pl3 
Percent in range 36.7% 6.12% 43.0% 0% 0% 5.86% 0% 0% 34.9% 
Average (Å) 5.30 7.55 5.05 11.6 8.23 6.94 14.9 15.8 6.22 
Std. Dev. 1.3 1.7 0.78 1.1 0.56 0.70 2.1 1.9 1.4 
    Comparison of percentage of arm lengths in range of van der Waals distance over total time, average 
distance between alkyne bonds, and standard deviations of range for [4-3-0] 
  
 Going back to the two dimeric cage formations, we have the single connection between 
two precursors. We are then measuring the other two arms of each precursor to determine if the 
alkyne bonds will form an intramolecular bond. With the [2-1-0] intermediate, looking at Figure 
9a-c we can see that in our simulations without solvent, Figure 17a-f, these simulations allow for 
much closer contact between the alkyne bonds we’re monitoring. From what we can see in 
Figure 17a-c, and the percentage under the van der Waals distance in Table 11, there is a very 
small difference between Ps, Pm, and Pl arm lengths. The Ps arm length has both of its arms at a 
close distance, while Pm and Pl have only one arm at a close distance and one arm far away. 
This could be an extension of the behavior seen from the previous tetrameric cages, where one 
arm is allowed to maintain a minimum distance at the sacrifice of the other arm. Looking at the 
average distances and the standard deviations in Table 11 we can see that the closer of the two 
bond distances has a much smaller standard deviation than the other bond distance. Showing that 
there is some stability being reached and allowed to maintain a minimum energy. We can also 
see, with Figure 17a and c, that the Ps and Pl arm length intermediates have not quite reached an 
energy minimum. Ps has clear spikes in distances meaning that it is still equilibrating somewhat. 
While Pl has the same problem but to a lower extent. These spikes in distances mean that, given 
our averages, what we see is probably the behavior of our system. If given a lengthier simulation 
will be able to confirm these configurations. Not much can be concluded about the theory of Pl 
being closer than Pm for this simulation. This is due to all the results for the three cages being 
very close to each other. The conclusion that the Pm and Pl arm lengths are both more likely than 
the Ps arm length to form the dimeric cage based off the distances, which is good for our 
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proposed theory. But determining the difference between Pm and Pl is slim. What we can see is 
that Pm has a higher probability to form both bonds than the Pl cage.  
 
 
Figure 17. Molecular configurations for short (Ps), medium (Pm), and long (Pl) arm length [2-1-0] 
intermediates from classical MD simulations without solvent. 
 
 
Table 11. Statistics for [2-1-0] Cage without solvent 
Cage Size Ps1 Ps2 Pm1 Pm2 Pl1 Pl2 
Percent in range 42.5% 45.5% 28.2% 94.6% 0.1% 90.6% 
Average (Å) 5.62 5.71 5.47 4.00 7.67 4.37 
Std. Dev. 0.87 1.5 0.82 0.39 0.65 0.52 
    Comparison of percentage of arm lengths in range of van der Waals distance over total time, average 
distance between alkyne bonds, and standard deviations of range for [2-1-0] 
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 The next step for the formation of the dimeric side product is the [2-2-1] intermediate, 
which has two of the three bonds formed in the dimeric cage. This intermediate can be seen in 
Figure 10a-c. We are only monitoring the last alkyne bond that needs to be formed for the 
dimeric cage to complete. In Figure 18a-b we can see the results from the simulations of the 
three arm length cages. In the figure we can see that Ps and Pm are both lower in distance than 
the Pl arm length, and this can be confirmed in Table 12. Table 12 shows that the average 
distance for Ps and Pm are actually equal. The only difference between the two being the 
standard deviation of the Pm cage is slightly lower than the Ps cage. The only conclusion we can 
establish off this is that the Pm cage is in a more stable state than the Ps, which means that it’ll 
spend more time in this configuration. While the Ps distance fluctuates closer to a shorter 
distance in order to form a bond.  
 
 
Figure 18. Molecular configurations for short (Ps), medium (Pm), and long (Pl) arm length [2-2-1] 
intermediates from classical MD simulations without solvent. 
Table 12. Statistics for [2-2-1] Cage without solvent 
Cage Size Ps Pm Pl 
Percent in range 0% 0% 0% 
Average (Å) 13.0 13.0 17.9 
Std. Dev. 1.5 1.3 3.3 
    Comparison of percentage of arm lengths in range of van der Waals distance over total time, average 
distance between alkyne bonds, and standard deviations of range for [2-2-1] 
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Chapter 4 
 
Conclusion 
 
Along with our collaborators’ experimental results, we show that the arm lengths of the 
precursors do come into play during the synthesis of porous organic molecular cages. Both of our 
simulations, with and without solvent, show that the shorter arm length precursors are more 
likely to form the final product than the longer arm length precursors. The shortest arm length 
precursor, Ps, is able to form the final tetrameric cage more efficiently than the other two arm 
lengths, because the distances for the two free alkyne arms are closer in contact with each other 
for the Ps than they are Pm and Pl. Hence the intermediate structures favor the shorter length 
arms when continuing along the main mechanistic reaction pathway. It is also shown that the Pm 
arm lengths favors slightly better than the Pl arm lengths. This work is useful to help design 
future porous organic cages with desired structures and cut back on the Edisonian trial-and-error 
experimental approach. 
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